Cholesterol-rich very low density lipoproteins (VLDL) from the homozygous Watanabe heritable hyperlipidemic (WHHL) rabbit induced marked cholesteryl ester accumulation in mouse peritoneal macrophages. This WHHL rabbit, an animal model of human familial hypercholesterolemia, has severe hypercholesterolemia, cutaneous xanthomas, and fulminant atherosclerosis due to the deficiency of the low density lipoprotein (LDL) receptor. When incubated with mouse peritoneal macrophages, the VLDL from WHHL rabbit (WHHL-VLDL) stimulated cholesteryl j'4Cjoleate synthesis 124-fold more than did VLDL from the normal Japanese White rabbit (control-VLDL). The enhancement in cholesteryl ester synthesis and accumulation of WHHL-VLDL was due to the presence of a high affinity binding receptor site on the macrophage cell surface that mediated the uptake and lysosomal degradation of WHHL-VLDL. Competition studies showed that the uptake and degradation of 1251-WHHL-VLDL was inhibited by unlabeled excess WHHL-VLDL and ,8-migrating VLDL (8-VLDL), but not LDL. Furthermore, the degradation of WHHL-VLDL was not blocked by either fucoidin, polyinosinic acid, or polyguanylic acid, potent inhibitors of the acetylated (acetyl)-LDL binding site, or by acetyl-LDL. These results suggest that macrophages possess a high affinity receptor that recognizes the cholesterol-rich VLDL present in the plasma of the>WHHL rabbit and that the receptor which mediates ingestion of WHHL-VLDL seems to be the same as that for fl-VLDL and leads to cholesteryl ester deposition within macrophages.
Introduction
Similarities between arterial wall foam cells and tissue macrophages suggest that macrophages may be the progenitors of certain foam cells that are involved in atherogenesis (1) (2) (3) (4) . In a variety ofexperimental animals, such as rabbits, dogs, and monkeys, elevated plasma lipoprotein-bound cholesterol leads to the deposition of massive amounts of cholesteryl esters in macrophages throughout the body (5) (6) (7) (8) ). An experimental system has recently been established by Goldstein and Brown (9) to investigate the mechanism ofthe deposition ofthe lipoprotein-derived cholesteryl esters in macrophages in vitro. Those macrophages have ingested large amounts of certain modified lipoproteins, such as acetylated low density lipoprotein (acetyl-LDL)' (9), acetoacetylated LDL (10) and malondialdehyde-treated LDL (11) through the process of receptor-mediated endocytosis (9) . In addition to the receptor that recognizes the acetyl-LDL, macrophages have another receptor that appears to be specific for beta-migrating very low density lipoprotein (fl-VLDL), a lipoprotein that accumulates in the blood ofcholesterol-fed animals (12, 13) . The studies of lipoprotein metabolism in macrophages were initiated to explain the paradoxical finding that even familial hypercholesterolemia (FH) patients who have no LDL-receptor can accumulate lipoprotein-bound cholesteryl esters in macrophages (9) . Although past studies revealed a variety of receptors that might mediate the macrophage uptake of modified lipoprotein cholesterol in these patients, such as acetyl-LDL and malondialdehyde-treated LDL (1 1), these receptors are specific only for chemically modified lipoproteins. At present it still remains unknown whether chemically modified lipoproteins exist in vivo. On the other hand, studies as to whether or not native lipoproteins in the FH patient are recognized in macrophages and form foam cells are nonexistent to date.
However, a new animal model of human familial hypercholesterolemia, known as Watanabe heritable hyperlipidemic (WHHL) rabbit (14) , has recently become available. Homozygous WHHL rabbits resemble their human counterparts in having an accumulation of cholesterol-rich particles in the VLDL and intermediate density lipoprotein (IDL) density classes as well as in LDL on a low fat diet; extensive tissue cholesterol deposits (tender xanthomas); severe atherosclerosis; and a genetic defect in the LDL receptor in all tissues, including cultured skin fibroblasts, liver, and adrenal glands (15) (16) (17) (18) (19) . Due to the recent availability of WHHL rabbits, we have been able to study the lipoprotein metabolism and to ascertain the accumulation of VLDL, IDL, and LDL in the plasma of this rabbit (20) (21) (22) (23) .
In this report we investigate whether native endogenous cholesterol-carrying lipoproteins, such as cholesterol-rich VLDL and IDL particles from WHHL rabbits, stimulate cholesteryl ester synthesis and storage in mouse peritoneal macrophages. 1 . Abbreviations used in this paper: acetyl-LDL, acetylated very low density lipoprotein; ,B-VLDL, VLDL Preparation ofmouse macrophage monolayers. Peritoneal cells were harvested from unstimulated mice in phosphate-buffered saline as described by Edelson and Cohn (24, 25) . The fluid from 20-40 mice (3-6 X 106 cells/mouse) was pooled and the cells were collected by centrifugation (400 g, 10 min 4C) and washed once with 30 ml of DME. The cells were resuspended in DME containing 10% (vol/vol) FCS, penicillin (100 U/ml), and streptomycin (100 gg/ml) at a final concentration of 2-3 X 106 cells/ml. Aliquots (1 ml).ofthis cell suspension were dispersed into plastic petri dishes (35 X 10 mm) and then incubated in a humidified CO2 (5%) incubator at 370C. After 2 h, each dish was washed three times with 2 ml of DME without serum to remove nonadherent cells. After the monolayers were incubated for 18 h at 37°C in I ml of DME containing 10% FCS, the cells were washed with 2 ml of DME and then used for the experiment. To initiate each experiment, 0.6 ml or 1 ml DME and serum lipoproteins were added to macrophage monolayers and incubated under conditions described above for the designated time periods.
Oil Red 0 staining. Monolayers of macrophages were prepared on glass coverslips contained in petri dishes. After the indicated incubation, the coverslips were removed, fixed with 6% paraformaldehyde in 0.1 M sodium phosphate (pH 7.3) for 30 min at room temperature, and then fixed for 60 min in 2.5% potassium dichromate and 1% osmium tetroxide in water. The coverslips were then stained with Oil Red 0 (26) and counterstained with Gill's double-strength hematoxylin for 10 min.
Lipoproteins. Blood was obtained from normal 6-8 mo-old Japanese White and WHHL rabbits. VLDL (d < 1.006 g/ml), IDL (d = 1.006-1.019 g/ml), and LDL (d = 1.019-1.063 g/ml) were isolated by ultracentrifugation from plasma prepared with anticoagulant EDTA (27) . ft-VLDL was isolated from Japanese White rabbits fed a 2% cholesterol with 10% corn oil diet (28) . All animals were fasted overnight before obtaining blood, and in some cases the plasma from two or more animals was pooled to obtain larger quantities of the d < 1.006 g/ml fraction (VLDL) from normal Japanese White and WHHL rabbit. The VLDL was radioiodinated with iodine monochloride (29) . More than 98% of the total '25l-radioactivity was precipitated by 10% TCA and less than 10% of the total III-radioactivity was extracted into chloroform-methanol.
Electrophoresis. Agarose gel electrophoresis of native lipoproteins was carried out as described (30) .
Assays. The amounts ofincorporation of ['4C]oleate-albumin (9,255 cpm/nmol) into cellular cholesteryl ['4C]oleate by cell monolayers were measured as described by Brown (25) , except that serum was omitted from the incubation medium in most experiments (13) . The proteolytic degradation of III-labeled lipoproteins by monolayers of mouse macrophages was measured by assaying the amount of III-labeled TCA soluble (noniodide) material formed by the cells and excreted into the culture medium (9) . Corrections were made for the small amounts ofacid-soluble III-labeled material (<0.01% of total radioactivity added) present in parallel incubations without cells. The protein content of lipoproteins and cells was determined by the method of Lowry et al. (31) with BSA as a standard. Each of the data represents an average of duplicate incubations.
Results
Light microscope studies oflipid accumulation in macrophages (foam cel formation). Mouse peritoneal macrophages were incubated.in the presence of VLDL isolated from the plasma of either control Japanese White rabbits or WHHL rabbits for 3 d and then stained with neutral lipid stain Oil Red 0. Fig. 1 A shows that cells incubated with WHHL-VLDL have numerous Oil Red 0-positive droplets within the cytoplasm and that there are striking alterations in the morphology of these cells. In contrast, cells incubated with control-VLDL are virtually devoid of Oil Red O-positive droplets (Fig. 1 B) .
On agarose gel electrophoresis, WHHL-VLDL shows pre-B-mobility, and this mobility is slower than that ofcontrol VLDL 4; z 9
An'a a .i f I Ã. f . The medium was replaced with fresh medium of identical composition on day 2. On day 3, the coverslips were removed and stained with Oil Red 0 (as described in Methods) X 400.
( Fig. 2 ). In 10% sodium dodecyl sulfate gel electrophoretograms, a component with the mobility ofapoprotein E was more prominent in WHHL-VLDL than in the control, and this result was the same as those described previously by Havel and Kita et al. (23) . The mass ratio of cholesterol to protein was increased in WHHL-VLDL as compared with the control (5.5 vs. 1.1). Therefore the cholesterol to protein ratio of WHHL-VLDL was about fivefold higher than that of control VLDL.
Stimulation of cholesteryl ester synthesis by VLDL from WHHL rabbits and control rabbits. To evaluate the ability of VLDL to stimulate cholesteryl ester accumulation in mouse peritoneal macrophages, we incubated macrophages with VLDL from either WHHL rabbits or control rabbits in the presence of ["4C]oleate bound to BSA and measured the incorporation of ['4C]oleate into the cellular cholesteryl esters.
As shown in Fig. 3 , WHHL-VLDL markedly stimulated ['4C]oleate incorporation into cellular cholesteryl ester in mouse peritoneal macrophages. The dose-response curve showed saturation kinetics with half-maximal stimulation occurring at 10-20 ,g protein/ml.
On the contrary, control-VLDL failed to stimulate [14C]oleate incorporation at concentrations of up to 150 Mg protein/ml. At a cholesterol concentration of 75 Mg/ml, WHHL-VLDL produced a rate ofcholesteryl ester synthesis that was about 124fold higher than that ofthe control-VLDL. Moreover, as shown in Table I , not only WHHL-VLDL but also IDL from control rabbits and WHHL rabbits stimulates cholesteryl ester synthesis in mouse peritoneal macrophages. f3-VLDL stimulated cholesteryl ester synthesis in mouse peritoneal macrophages about twofold higher than WHHL-VLDL did (data not shown).
Degradation of'251-labeled VLDL from WHHL rabbits. To determine whether the uptake and degradation ofWHHL-VLDL by macrophages is via a saturable high-affinity receptor, we incubated the macrophages with increasing concentrations of 125I- labeled WHHL-VLDL at 37°C for 5 h. As Fig. 4 shows, uptake and degradation occurs in a dose-dependent manner with saturation kinetics (50% saturation at 10 Mg protein/ml). To determine whether VLDL from WHHL rabbits was entering the macrophages by the classical LDL receptor (32) , or by the receptor for chemically modified LDL, i.e., acetyl-LDL (9-11), or by the receptor for f,-VLDL (12, 13) , or by its own receptor, the following experiments were done, as described in Fig. 5 and Table II . Fig. 5 shows that control rabbit LDL at concentrations as high as 500Mug protein/ml failed to compete with the 125IPWHHL_ VLDL for degradation. When LDL from WHHL rabbit was used for this experiment, we obtained the same results as with LDL from control rabbit.
In contrast, unlabeled WHHL-VLDL was effective in inhibiting the uptake and degradation of 1251-WHHL-VLDL, with 50% inhibition occurring at a concentration ofabout 15 Mg protein/ml. The ability of unlabeled ,B-VLDL from cholesterol-fed rabbits to inhibit the degradation of 125I-WHHL-VLDL was almost identical to that of WHHL-VLDL, with 50% inhibition at 5-10 ,g protein/ml. Moreover, as shown in Table II , the addition of negatively charged compounds, such as fucoidin, polyinosinic acid (Poly I) and polyguanylic acid (Poly G), previously shown to inhibit the binding of chemically modified LDL to the acetyl-LDL receptor (9), did not inhibit the stimulation of cholesteryl ester synthesis by WHHL-VLDL in mouse peritoneal macrophages. To synthesis in macrophages, we tested the ability of chloroquine, an inhibitor of lysosomal enzyme function (9, 1 1), to block this stimulation. As shown in Table II , chloroquine inhibited the stimulation of cholesteryl ['4C]oleate synthesis by WHHL-VLDL at a concentration of 20 ,M.
These results indicate that the uptake and degradation of WHHL-VLDL appear to be mediated via a specific high-affinity macrophage receptor for WHHL-VLDL that seems to be the same as that for #l-VLDL, but is distinct from the receptors for modified LDL, such as acetyl-LDL or for LDL.
Discussion
In this current study, we have shown that the cholesterol-rich VLDL from WHHL rabbits was very potent in stimulating cho- lesteryl ester synthesis and storage in mouse peritoneal macrophages, and that this was not observed with control-VLDL (the VLDL from control Japanese White rabbits) ( Fig. 1, Fig. 3 ). This ability of the cholesterol-rich VLDL from WHHL rabbits to produce cholesteryl ester storage in macrophages is dependent on the ability of WHHL-VLDL to bind to cell-surface-specific receptors and to be taken up by the cell. Although the specificity of the receptor site that binds WHHL-VLDL is not yet clear, this site appears to be the same as the f3-VLDL receptor ( 5). But it was distinct from the one responsible for the uptake of acetyl-LDL, because the degradation of VLDL from WHHL rabbit was not blocked by either fucoidin, Poly I, or Poly G, potent inhibitors of the acetyl-LDL binding site (Table II) , or by acetyl-LDL itself (data not shown). At present we know that WHHL-VLDL resembles VLDL remnants in several ways: enrichment in cholesteryl esters and in apoprotein E, with little apoprotein C present (23) , and reduced electrophoretic mobility on agarose gel electrophoresis (Fig. 2) . But the distinctive nature ofthe component responsible for the uptake of WHHL-VLDL by macrophages has not yet been identified. Bersot et al. (33) indicated that the j3-VLDL receptor recognition factors were apoproteins, but the specific apoprotein has not been identified (33) .
The WHHL rabbit, an animal model of human FH, lacks cell-surface receptors for LDL, just as do FH patients (18) . Therefore the clearance of VLDL, IDL, and LDL, all the endogenous lipoproteins that contain apoprotein B-I00; is markedly delayed in WHHL rabbits (18, (20) (21) (22) . Similar findings were made in studies of the turnover of 1251I-VLDL in human FH (34). Nevertheless, the excess endogenous lipoprotein-bound cholesterol becomes deposited in nonparenchymal cells throughout the body, such as Kupffer cells and macrophages of the spleen, tendons, skin, and other organs, both in WHHL rabbit and FH patients (19, 35) .
Extensive studies oflipoprotein metabolism in macrophages in the past several years began to explain the paradoxical finding as described above. Goldstein et al. showed that the uptake of lipoprotein-bound cholesterol in macrophages occurs via specific high-affinity receptors such as modified LDL receptor (9) and (l-VLDL receptor (12, 13) . Furthermore, Van Lenten et al. demonstrated that the f3-VLDL receptor was present on macrophages from WHHL rabbits and from humans with the homozygous form of familial hypercholesterolemia (36, 37) .
Studies of the WHHL rabbit showed that this rabbit has a striking abnormality in VLDL, IDL, and LDL metabolism (18, 23) . Because it lacks the LDL receptor, VLDL is converted to IDL at a relatively normal rate. However, most IDL particles fail to enter the liver for catabolism, so IDL particles remain in the circulation where it is converted to LDL (18, 22) . On the other hand, in the normal rabbit, the vast majority of IDL particles disappear rapidly from the plasma because it binds to the LDL receptors on the surface of hepatic cells, due to the presence of apoprotein E, which has a higher affinity for LDL receptors than apoprotein B-100 (38, 40) . Table II showed that not only VLDL particles from the WHHL rabbit, but also IDL particles from control and WHHL rabbits can stimulate cholesteryl ester synthesis on macrophages. Remnant lipoproteins, including IDL, are proposed by Zilversmit to be the primary cause of atherosclerosis in cholesterol-fed animals (39) . As mentioned above, IDL particles are not present in the plasma for a long time in normal rabbits, so even though IDL particles themselves stimulate cholesteryl ester synthesis on macrophages, IDL particles are not dangerous in atherosclerosis in the normal rabbit.
Once LDL receptors in the liver are reduced by taking cholesterol feeding (28, 40) , or deficient because ofthe genetic defect, IDL particles are no longer taken up by the hepatic LDL receptor and remain in the plasma. Subsequently, they become dangerous as far as the formation of atherosclerosis is concerned.
At present, VLDL and IDL from the WHHL rabbit, and modified LDL, may play an important role for the pathogenesis of atherosclerosis in WHHL rabbits. We are now investigating which components of VLDL from the WHHL rabbit are recognized by the WHHL-VLDL macrophage receptor.
